This paper investigates how and to what extent changes in user behavior may mitigate the environmental benefits of urban ridesharing, a phenomenon commonly referred to as "rebound effect". Ridesharing reduces both the individual cost of car travel (through cost splitting) and road travel times (by decreasing congestion).
the car (RIDES, 1999; Shaheen et al., 2016) , to travel longer distances or even to relocate further from the city center (Salomon and Mokhtarian, 1997) . The resulting "rebound effects" are similar to those commonly observed when improving energy efficiency to reduce energy consumption, where the initial gain is mitigated by the overconsumption reaction from users (Greening et al., 2000; Berkhout et al., 2000) . Though discussed in the literature, the various rebound effects of ridesharing have seldom been examined together in a systematic manner, so that a fine knowledge of their extent -including how they interact with each other -and of possible measures to mitigate them, is still lacking. This paper investigates how and to what extent user (and non-user) behavior may amplify or mitigate the expected benefits of ridesharing, focusing on the case of urban ridesharing. 1 More specifically, it seeks to assess the magnitude of each elementary feedback effect in order to better understand the main drivers of the overall rebound effect. This is intended to help design complementary policies aiming to mitigate the rebound effect. Regarding the expected benefits of ridesharing, special emphasis is put on CO2 emissions considering the urgency of limiting climate change (IPCC, 2013) . The social cost of road traffic is also used to capture other benefits of urban ridesharing in terms of travel conditions (travel cost and travel time savings) and environmental impacts (e.g., local pollutants, noise).
The methodology relies on the use of an integrated transportation land-use model (ITLUM) to simulate ridesharing scenarios and quantitatively assess four elementary rebound effects associated with four user decisions: route choice, mode choice, destination choice, and location choice. The ITLUM is then used to test three alternative complementary policiesimproving public transit, reducing road capacity, or increasing the cost of car travel -and to compare their respective merits as regards limiting the overall rebound effect and maximizing the benefits of urban ridesharing. The methodology is applied to the Paris region, one of the most heavily congested in Europe. The regional mobility authority currently puts great hope in urban ridesharing to reduce road congestion as well as to meet its CO2 abatement objectives (Ile-de-France Mobilités, 2017) .
3
This paper extends the urban ridesharing literature along two main lines. It provides empirical evidence regarding the magnitude of each rebound effect, improving our understanding of the role of user behavior in amplifying or mitigating the expected benefits of low-carbon transportation innovations, here in the case of urban ridesharing. Incidentally, it develops a comprehensive framework to jointly assess demand-oriented solutions (ridesharing) and supply-oriented solutions (public transit network extensions, reductions in road capacity, road pricing), and discuss whether and how these two types of solutions interact, hence addressing the criticism of Litman (2013) that they are frequently studied separately.
Literature review
Ridesharing among family members and friends has a long history. In its more organized forms, ridesharing can be traced back to World War II and it later emerged as a regular, cost effective means of transportation for commuting in the 1970s, following the first oil crisis (Chan and Shaheen, 2012; Furuhata et al., 2013) . More recently, the advent of mobile technologies has enabled dynamic ridesharing, leading to renewed interest in ridesharing from the academic community. Recent works cover a wide range of topics, including optimizing ride-matching (see the review by Agatz et al., 2012) , analyzing supply and demand characteristics (Brownstone and Golob, 1992; Dong et al., 2018) , and evaluating the effects on traffic conditions, travel behaviors, and the environment (Alexander and González, 2015; Caulfield, 2009; Cici et al., 2014; Santi et al., 2013) .
Considering the scope of this paper, the review focuses on papers from the latter strand, which investigates the benefits of ridesharing (Table 1) . Ridesharing is altogether considered a promising Travel Demand Management (TDM) tool (Litman, 2013) as it holds many promises as regards reducing the number of on-road vehicles (Cici et al., 2014) , saving travel time and costs (Recker et al., 2001; Santi et al., 2013) , and improving the environment by reducing fuel consumption and pollutant emissions (Caulfield, 2009) . Moreover, ridesharing allows people to access locations that are poorly served by public transportation (Teubner and Flath, 2015) .
However, concerns have risen regarding the potential rebound effects of shared mobility services -including ridesharing -which would partly, if not largely, offset their expected benefits (Font Vivanco et al., 2015; Schaller, 2017; Shaheen et al., 2016) . Shared vehicles would for instance take up road space from private cars and parking space at transit stations (Bondorová and Archer, 2017) . Similarly, ridesharing would shift demand across modes (Li et al., 2017; Xu et al., 2015) . The studies of RIDES (1999) and Shaheen et al. (2016) show for instance that casual carpooling attracts riders from public transit. Xu et al. (2015) also indicate that when traffic congestion costs decrease thanks to ridesharing, more travelers become solo drivers while less people engage in ridesharing. More generally, several works document rebound effects in the context of transportation, and how these mitigate expected environmental benefits (Briceno et al., 2005; Font Vivanco et al., 2015; Rabbitt and Ghosh, 2013; Replogle, 1993b) . Font Vivanco et al. (2015) suggest that innovations that reduce transportation costs potentially lead to greater changes in income and consequently to larger rebound effects, which are generally overlooked in Europe. 
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Methodology
The integrated transportation-land use model
As discussed in the literature, transportation innovations -ridesharing included -may trigger an array of behavioral responses from users, such as changing route, changing mode, or relocating home (Salomon and Mokhtarian, 1997) . By representing the main residential and travel decisions, integrated transportation-land use models (ITLUMs) allow capturing most of these effects. The ITLUM used in this paper couples an equilibrium land-use model, NEDUM, with a four-step transportation model called MODUS. As is standard for coupled ITLUMs (Chang, 2006) , MODUS feeds NEDUM with travel costs (travel times and network distances between zones), whereas NEDUM provides jobs and population per traffic analysis zone to MODUS (Figure 1 ). Both models are calibrated for the Paris region; they have been validated using historical validation for NEDUM, and based on extensive real-case and prospective studies for MODUS. The coupled model is therefore expected to provide sound and reliable results. 2 It is run using the TransCAD software.
NEDUM is designed to operationalize the monocentric model from urban economics and to extend it to a polycentric structure. It represents households' location choices -and induced land prices and real estate development -by considering the trade-off between housing prices and commuting costs (in time and money). The spatial distribution of jobs is taken as an input, implying that NEDUM only simulates household location. To illustrate, consider an urban ridesharing scenario that leads to an AVO increase of 25%.
Representing urban ridesharing
In the model, this initially decreases the volume of car trips by 20%, 3 as fewer vehicles are required to carry the same amount of people as before (Figure 2) . Similarly, the individual (monetary) cost of car travel is reduced by 20%, the same overall costs being shared among a larger number of individuals. These however are only the initial effects. Lower traffic volumes mean less congestion, which is likely to result in more straightforward routes during road assignment -as less users make detours to avoid congestion -and subsequently to a reduction in trip distances (route choice effect). On the other hand, by reducing the individual monetary cost (through cost splitting) and the time cost (through reduced congestion) of car travel, ridesharing doubly reduces the generalized cost of car, making it more attractive relative to other modes. Therefore, it raises the utility of the car alternative during the mode choice step.
This may cause part of the users of public transit and active modes to switch for the car, either as a ridesharer or even as a solo driver (modal shift effect). With the utility of car travel increasing across all O-Ds, the multimodal disutility mechanically decreases, hence increased trip distances during the distribution step as travelling becomes easier (distance effect).
Finally, ridesharing is expected to result in urban sprawl in NEDUM as the decreases in the 3 As the new traffic volume is 1/1.25 = 80% of the original one. Trip induction is not considered in this study, however. 4 As the ITLUM iterates until convergence, the initial benefit of the 25% increase in AVO may be either mitigated or amplified depending on the relative magnitude of the two groups of effects (positive and negative) upon reaching the final equilibrium.
Figure 2: Model flowchart and integration of urban ridesharing
The simplified integration of ridesharing in the model involves two main assumptions.
Indeed, urban ridesharing is not represented here explicitly, in contrast to other works which model it as a specific alternative (Bahat and Bekhor, 2016; Xu et al., 2015a Xu et al., , 2015b ). This means,
4 Because the generation model only depends on socioeconomic variables, not on travel conditions (see Online Annex A), ridesharing does not impact the overall mobility demand volume: no new trips are induced, i.e., the total number of trips (all modes included) remains constant whatever the AVO level. Rather, ridesharing leads to changes in the spatial structure of trips, in modal split (and thus in the volume of car trips), and in routes.
9 on the one hand, that the whole matching process, including pick-up(s) and drop-off(s), is assumed to be perfectly costless: engaging in ridesharing involves neither transaction costs, nor detours for drivers or for passengers. It also implies, on the other hand, that all car users -solo drivers, ridesharing drivers and passengers -are assumed to have the same behavior (being characterized by a same utility function). The significance of such assumptions is assessed further during the sensitivity analysis (subsection 5.2.2).
Key performance indicators
Several key performance indicators (KPI) are used to evaluate the ridesharing scenarios:
 vehicle-kilometers travelled (VKT) and vehicle-hours travelled (VHT);
 the social cost of road traffic.
The VKT and VHT are two standard road traffic indicators. The former measures the overall level of traffic and is closely related to pollutant emissions, whereas the latter captures congestion. 5 Together, they afford a good overview of how ridesharing influences road traffic.
Both are standard outputs of road assignment procedures.
Considering the environmental focus of the paper, CO2 emissions represent the central KPI.
These are computed at the road link level using unit emission factors, estimated by Airparif (the regional air quality agency for Paris) for gasoline and diesel vehicles and for year 2012 based on the COPERT IV methodology applied to the Paris region vehicle fleet (Airparif, 2014) .
Considering a share of diesel vehicles in the regional fleet of 70% (Airparif, 2014) , this study uses an average emission factor of 186 gCO2/km (0.7*182 + 0.3*195).
In addition to abating CO2 emissions, ridesharing is expected to yield a number of other benefits, including reducing the cost of travel, curbing congestion, and improving air quality.
The social cost of road traffic, defined here as the sum of private costs -including monetary costs and time-related costs -and external costs, allows one to capture these various effects (Parry and Small, 2009) . External costs typically include the costs associated with CO2 emissions, local pollutants, and noise, to which this study adds the costs of other externalities associated with road damages and lifecycle effects. 6 To compute these, the outputs of the road assignment model are crossed with spatialized socioeconomic data and cost parameters provided in the French guidelines for the economic evaluation of transportation projects (CGSP, 2013) . The cost parameters are reported in Appendix, Table A.1.
Measuring the rebound effects
Consider an increase in AVO of x%. In the short run, the number of cars decreases by
x/(1+x)%. Accordingly, for KPIs related to road traffic (e.g., VKT, VHT, CO2 emissions), the initial effect of ridesharing is defined as being -x/(1+x)%. This corresponds to the (virtual) immediate effect where one considers only the change in the number of vehicles, assuming that all other things (distances travelled, travel times, modal shares…) remain unchanged. The actual effect taking into account the various changes in users' decisions is then estimated by running the full ITLUM. The specification of the ITLUM used in this study allows capturing four effects:
route choice, mode choice, destination choice, and location choice. For a given variable of interest (e.g., CO2 emissions), the rebound effect is finally defined as the relative gap between the initial effect -x/(1+x)% and the actual effect computed by the ITLUM.
The weight of each of the four effects within the overall rebound effect is then estimated by running each submodel successively. For instance, to estimate the effect of route choice, the O-D matrices are kept constant -modulo the effect of the AVO increase on the car matrix -and only the assignment procedure is run ( Figure 2 ). Next, by running both the mode choice and assignment submodels, the joint effect of mode choice and route choice is evaluated. 7
The mode choice effect is deduced through subtraction; and so on for the destination and location choices. 8
6 Lifecycle effects encompass a combination of externalities that are indirectly linked to road and car usage. This includes externalities linked to the production and supply of energy, the lifecycle of vehicles (production, maintenance, disposal), and the lifecycle of infrastructures.
7 Starting from the mode choice model, "loops" (or iterations) must be performed in order to reach the convergence of the 2-, 3-or 4-step transport model.
Case study
The Paris region -officially named Île-de-France -is a territory spanning over 12,000 km 2 .
With a population of 12 million inhabitants in 2015, it is the densest of the French regions with 1000 inh./km 2 (Insee, 2017). Yet, it features important geographical disparities, the population density in inner Paris being around 50 times greater than the density in the outer ring.
Regarding mobility, Parisians spend on average 92 minutes each day in transportation (OMNIL, 2012), while suffering heavy congestion both on the road and in public transit (Hubert, 2009 
Results
Effects of ridesharing scenarios
Ridesharing scenarios are represented by changes in average vehicle occupancy (AVO)
ranging from 0 to +50%, with a +5% step. This corresponds to AVOs ranging from 1.3 to 2.0. 10
The analysis focuses on the morning peak, as the period with the heaviest congestion level.
Results for other times of day are discussed within the sensitivity analysis (subsection 5.2.1).
Road traffic
Developing urban ridesharing does decrease the overall traffic level, but significantly less so than one might have expected (Figure 4 ). Relatively to the initial effect that raising AVO by x% decreases VKT by x/(1+x)%, changes in route choice entail a small additional decrease in VKT: as traffic decreases, less drivers make detours to avoid congestion (route choice effect).
On the other hand, the decrease in road congestion (and therefore travel times), together with the lower individual cost of ridesharing, make car travel more attractive. This encourages users to switch mode from public transit and active modes to private cars (modal shift effect), to travel longer distances (distance effect) and to relocate further from the urban center (relocation effect). The three effects altogether strongly mitigate the decrease in road traffic.
Although the modal shift effect prevails at first, the distance effect becomes more significant as AVO increases. The relocation effect remains marginal.
9 See Online Annexes for more information regarding the input data.
10 Assuming that the ridesharing scenarios only decrease the share of solo trips, but do not alter the relative shares of trips with 1 or 2 or more passengers, a +25% (resp. +50%) increase in AVO would imply that the share of solo trips decreased from 75% to 50% (resp. 25%). Regarding congestion, the actual decrease is coincidentally very close to the initial effect ( Figure 5 ). As AVO increases, the lower road traffic leads to lower travel times (through the volume-delay functions), causing VHT to strongly decline if only considering route changes. 11
Yet again, the modal shift and distance effects strongly mitigate the decrease in congestion, whereas the relocation effect remains negligible. The rebound effect varies between 68% and 77% over the range considered. Such high values corroborate that one cannot neglect rebound effects in the case of urban ridesharing.
Moreover, the rebound effect is found to decrease marginally as AVO increases. As previously discussed, the rebound effect stems from the combination of reduced monetary costs and lower travel times associated with car travel, which both make the car more attractive (they reduce the generalized cost of car travel) and consequently lead to an increase in car use (through modal shift). Given that the magnitude of both effects declines as AVO increases, 12 so does the rebound effect. Complementary analyses show that the two effects -the effect on travel times (decongestion effect) and on travel costs (cost splitting) -have similar weights, each contributing to approximately half the overall rebound effect.
Figure 6 -Influence of ridesharing (as measured by AVO) on the decrease in CO2 emissions
12 Individual monetary costs become smaller and smaller as AVO increases, eventually converging toward 0. Similarly, in the case of the decongestion effect, the VHT curve decreases strictly convexly ( Figure 5 ). For each level of AVO, the rebound effect is normalized to 100% and the relative weight of each decision is computed. Seeing that the route choice effect actually decreases CO2 emissions, weights are measured in absolute terms.
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The modal shift effect largely prevails over the range of AVOs considered (Figure 7) . Still, the breakdown of the rebound effect varies with the AVO level. As ridesharing develops, congestion decreases. With drivers traveling increasingly direct routes, there are lower CO2
gains to expect, hence the decrease in the route choice effect. Similarly, the modal shift effect declines for high AVO levels as the car is already very attractive. Conversely, the distance effect Consider a 25% increase in AVO. The ensuing 5% decrease in VKT causes user monetary costs and environmental external costs -air pollution, CO2, noise… -to decrease commensurately, as all are strongly driven by traffic volumes. Unexpectedly, ridesharing has almost no effect on user time costs. Those are given by:
(1) Accordingly, as ridesharing develops, total time costs decrease less rapidly than VHT due to the increase in AVO. 13 Here, the increase in AVO almost perfectly offsets the decrease in VHT (Figure 8 ). The social cost of road traffic only decreases by 2.3% as a result, reflecting that time costs prevail over other private and external costs under the current economic evaluation guidelines in France.
Figure 8: Effects of ridesharing on the social cost and other key performance indicators, and cumulative impact of the rebound effects. Medium ridesharing scenario (+25% AVO)
Sensitivity analysis
Influence of the time of day
The effect of a 25% increase in AVO on CO2 emissions is compared for three times of day:
the morning peak hour (7a.m.-9a.m.), the evening peak hour (5p.m.-7p.m.), and the full day.
The various rebound effects vary to a limited extent with respect to the time of day (Figure 9 ).
Being directly related to congestion, the route choice effect is more limited for the evening peak hour and the full day, which feature lower congestion levels than the morning peak hour.
Similarly, the modal shift effect is slightly weaker over the same periods. The gap is less important, however: unlike the route choice effect, the modal shift effect is also driven by the decrease in the cost of car travel, which is independent from the time of day. The distance effect is stronger for the evening peak hour. Unlike the morning peak hour, the evening peak hour includes a sizable share of non-commuting trips (e.g., for shopping, leisure purposes).
Non-commuting trips being more sensitive to the generalized cost than commuting trips, 14 the decrease in the generalized cost resulting from ridesharing entails a greater increase in travelled distances during the evening peak than during the morning peak; the same applies for the full day. All in all, the overall rebound effect is slightly stronger for the evening peak hour and for the full day than for the morning peak hour. 
Sensitivity analysis
The representation of ridesharing adopted in this study (as an altered version of car travel rather than a self-standing mode) entails two major simplifying assumptions (see section 3.2):
ridesharing involves no detour or transaction cost, and drivers and passengers have the same preferences (and therefore the same values of time). Yet, both assumptions are challenged by empirical findings. Delucchi (1998) finds that carpools increase average trip distance by 10%
(due to pick-ups and drop-offs), while a study from the Victoria Transport Policy Institute (2018) shows that ridesharing increases travel times by 20%. The same study also finds the VTTS of ridesharing passengers to be around 30% lower than that of drivers.
Based on these findings, a sensitivity analysis investigates the effects on CO2 emissions of:
1) a 15% decrease in the average VTTS of car users, 15 2) a 10% increase in trip distance, and 3) a 20% increase in travel time. 16 The three effects are tested first independently, then together.
The AVO variation is +25%.
A 15% decrease in VTTS only very slightly increases the overall rebound effect ( Figure 10 ).
As users place greater emphasis on monetary cost over time, public transit and active modes become more competitive relatively to ridesharing, leading to lower levels of modal shift.
Limited modal shift implying less congestion, the better road conditions in the -15% VTTS scenario lead to a stronger distance effect, which balances the weaker modal shift effect.
By making car travel (relatively) less attractive, the 10% increase in trip distance and 20% increase in travel times both reduce the modal shift and distance effects to various extents.
Whereas travel times do not affect emissions per se, 17 trip distances directly influence CO2 emissions, implying a strong, positive route choice effect in the +10% trip distance scenario.
This leads to very contrasted results regarding the overall rebound effect: whereas the 20% increase in travel time strongly mitigates it, the 10% increase in trip distance alone leads to an overall rebound effect greater than 100% (implying ridesharing would actually raise CO2 emissions). When considering the two effects together, the overall rebound effect remains lower than in the baseline model, as the cost in time and distance (thus money) of pick-ups and drop-offs greatly limits the mode choice effect and the destination choice effect.
Last, when taking all effects into account, the various cons linked to ridesharing (+20% in travel time and +10% in trip distance), combined with the lower VTTS of ridesharers actually leads to a negative modal shift (i.e., to an increased use of public transit and active modes).
The route choice effect and the distance effect remain substantial, leading to a rebound effect that is weaker than in the baseline model, but still significant.
Figure 10: Sensitivity analysis, CO2 emissions
Despite the strong simplifying assumptions in the baseline model, the results of this sensitivity analysis tend to corroborate that the main findings are robust and that ridesharing is characterized by strong rebound effects, as illustrated here in the case of the Paris region.
Complementary policies
Given the magnitude of the rebound effect, one could seek to limit it by combining ridesharing schemes with other transportation or land-use policies. Three alternatives are tested: improving public transit, reducing road capacity, and increasing the cost of car travel.
Land-use policies are not considered, as the analysis has shown the overall rebound effect to be mostly driven by transportation-related effects. Seeing that the modal shift effect prevails within the rebound effect, simultaneously improving the public transit network might prevent users from switching modes from public transit to car travel. The Grand Paris Express mega-project is a prime example of such a policy, which lies at the core of the transportation strategy of the Paris region for the next decades.
The project consists in the construction and the extension of several automatic subway lines, with an estimated cost of more than € 35 billion (Figure 11 ).
Figure 11: The Grand Paris Express network (source: Société du Grand Paris)
Unexpectedly, improving public transit has a limited impact on the overall rebound effect, as illustrated here in the case of a +25% increase in AVO (Figure 12 ). Combining the two policies significantly abates the modal shift effect, as intended. Yet, by reducing the generalized cost of travel, the Grand Paris Express spurs users to travel longer distances and to relocate to more remote locations within the Paris region, thereby amplifying both the distance and relocation effect. To identify whether synergies (positive or negative) exist between the two policies, their effect on CO2 emissions and on the social cost is evaluated first independently, then together.
Combining the two policies leads to a smaller effect than the sum, especially for the social cost (Table 2 ). Both policies causing modal shift, but in opposite directions, each of them effectively reduces the efficiency of the other policy. Improving public transit would therefore prove a poor match to ridesharing schemes. As the rebound effect is strongly linked to the decongestion effect, another possibility is to simultaneously reduce road capacity so as to keep a constant level of service on the road.
Considering that a 25% increase in AVO triggers an initial road traffic decrease of 20%, road capacity is assumed to be reduced by the same amount (-20%). This time, each rebound effect is mitigated (Figure 13 ). This includes the route choice effect: as the 20% decrease in road capacity exactly offsets the decongestion effect from the 25% AVO increase, travel times remain unchanged (and therefore, so do route choices), hence the null rebound effect. 18 By substantially limiting the gain in attractiveness that urban ridesharing provides to the car, decreasing road capacity reduces the overall rebound effect, here by one half.
Figure 13 -Impact of reducing road capacity on the various rebound effects
Note: rebound effects above are measured relatively to the same reference, defined as the initial effect of a +25% increase in AVO in the 2015 baseline scenario.
Whereas the effects of the two policies are almost additive regarding CO2 emissions, strong synergies exist regarding the social cost. Reducing road capacity abates CO2 emissions by making the car less attractive, yet it exacerbates congestion, thereby occasioning a heavy cost for users and subsequently for society as a whole (Table 3) . Ridesharing schemes and decreases in road capacity act in perfect combination in this regard, as the decrease in road 18 The slightly positive (0.2%) estimated rebound effect is due to numerical approximations. Regarding interactions between the two policies, the effects of each policy are this time slightly sub-additive, meaning that one should not expect synergies (Table 4 ).
Discussion
Main findings
The development of urban ridesharing has two main implications for transportation users.
As ridesharers split costs, it decreases the individual (monetary) cost of the car. By reducing the number of on-road vehicles, ridesharing also decreases congestion, causing road users to enjoy better travel conditions (i.e. lower travel times). Both mechanisms reduce the generalized cost of travel, thereby making the car more attractive relative to other modes.
This increased attractiveness causes some users to change mode, while the general decrease in travel costs encourages users to travel longer distances or even relocate further from the city center, inducing urban sprawl. All three rebound effects -modal shift, distance, relocation -mitigate the initial benefits of ridesharing, be it in terms of road traffic or pollutant emissions.
The lower congestion allowing drivers to take more direct routes (route choice effect), this generates a decrease in distances traveled that partly balances the previous rebound effects.
In the Paris case study, the overall rebound effect is very substantial in all the ridesharing scenarios considered, offsetting more than two thirds of the initial reduction in CO2 emissions.
The modal shift effect is the most important, accounting for more than half of the overall rebound effect. Whereas the other effects are likely to occur in all cities, this significant modal shift effect is intrinsically specific to cities with a large public transit modal share like Paris. Cities with a lower public transportation supply would logically present a much weaker modal shift effect, as there would be less potential "mode switchers" to start with. Conversely, the relocation effect remains marginal in all simulations, suggesting that more attention should be heeded to mobility rebound effects than to land-use rebound effects, at least in the case of the Paris region.
The findings are subject to several caveats. Urban ridesharing is not explicitly modelled, being instead represented as an increase in AVO. Indeed, the paper does not investigate how to achieve a certain level of ridesharing, 19 but rather how users would react were this level to be achieved. Although introducing ridesharing as a distinct mode would make the behavioral model more consistent, it would involve considerable technical challenges, recalibrating the whole model, while forfeiting all the advantages of using an already calibrated transportation model -MODUS -that has been validated through numerous real-case studies. Moreover, the basic mechanisms operating in this simplified model would still hold, so that doing so would change the results quantitatively yet (likely) not qualitatively.
The capacities and limitations of the model used in this study also imply that only a certain number of rebound effects are accounted for, excluding e.g. trip induction (subsection 3.2).
Similarly, other effects such as changing departure time or reducing the frequency of telework due to the better travel conditions are not considered, nor possible effects on firm location.
The latter point stems from the scope of NEDUM, which only models household location.
Considering the focus of this paper, this should not be detrimental inasmuch as changes in travel conditions firstly impact households in the short run, then firms only in the longer run (Garcia-López et al., 2017) .
Emissions and costs linked to public transit were not included in the computations.
Regarding CO2 emissions, the issue is not trivial. Assuming a constant public transit supply, there are no significant changes to expect save for the impact of occupancy on CO2 emissions, which is likely to be of the second order. Adjusting the public transit supply consecutive to the decrease in users (as ridesharing leads to modal shift) could yield additional reductions in CO2
emissions. Yet, this would imply modelling how the public transportation authority adjusts frequency to patronage, which would incidentally create an additional feedback in the transportation model as service frequency would become endogenous and depend on public transit demand.
Finally, only simple ridesharing scenarios were considered, with uniform increases in AVO.
Considering the importance of the modal shift effect, targeting ridesharing policies at distant O-D pairs that would be poorly served by public transit could lead to a lower rebound effect.
This will be the object of future works.
Policy recommendations
Given the importance of the rebound effect, a central question is which complementary measures transportation authorities can take in order to maximize benefits of ridesharing schemes, while accompanying users to avoid unintended reactions from their part.
Based on the capacities and limitations of our model, three main alternatives were tested:
improving public transit, reducing road capacity, and increasing the cost of car. The findings strongly support either of the latter two options, which directly target the car mode in order to counterbalance the gain in attractiveness provided by ridesharing. Reducing road capacity seems the most promising on paper. It efficiently reduces the rebound effect, while involving strong synergies regarding the social cost, so that the two measures are truly complementary.
To limit the unpopularity of capacity reductions, these could be achieved by converting road lanes into dedicated bus lanes, bike lanes, or even HOV lanes to provide an additional incentive to rideshare. Still, because the decongestion effect only arises after ridesharing has reached a certain level of development, the question is whether decreasing road capacity will actually encourage users to rideshare, or whether it will trigger other reactions, such as using public transportation, teleworking, or even quitting work were travel conditions to become excessively bad. Though not involving synergetic effects like for road capacity measures, increasing the cost of car travel (e.g. by road pricing) might be more promising in that regard.
Unlike for time costs, a simple way to cope with increases in monetary costs is to engage in ridesharing. Road pricing could therefore be an efficient way to simultaneously encourage urban ridesharing while limiting the associated rebound effects. Conversely, public transit improvements seem less promising, as they do address the modal shift effect, yet amplify the other rebound effects (increased trip distance and urban sprawl). All in all, the findings THIS IS A POST-PRINT VERSION. THE ORIGINAL ARTICLE IS PUBLISHED IN TRANSPORTATION RESEARCH PART D : TRANSPORT AND ENVIRONMENT https://doi.org/10.1016/j.trd. 2018.12.006 © 2018 . LICENSED UNDER THE CREATIVE COMMONS CC-BY-NC-ND 4.0 LICENSE http://creativecommons.org/licenses/by-nc-nd/4.0/ 27 corroborate the idea that to achieve their low-carbon transitions, cities should not rely solely on one type of solution (technological, infrastructural, or behavioral) , but rather on a combination of these.
Besides these "macro-solutions", other "micro-measures" could help maximizing the benefits of ridesharing. Raising awareness about climate change, air pollution, and more generally about sustainable mobility might help users better realize that they are part of the solution, and to reflect more on their decisions (such as refraining from switching from active modes or public transit to the car were road travel conditions to improve). In a similar vein, ridesharing apps could advertise other alternatives to users such as cycling or public transit whenever those would offer a quality of service comparable to ridesharing.
To conclude, shared mobility holds many promises to meet the urgency of achieving lowcarbon transitions to limit climate change. Yet, user behaviors must be carefully considered when designing such policies to limit unintended consequences. While modelling can help anticipating users' reactions, large-scale experiments are also needed first to validate these models, and even more importantly to better associate users to the design of these solutions.
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